Cordyceps is a rare and exotic mushroom that grows out of the head of a mummified caterpillar. Many companies are cultivating Cordyceps to meet the increased demand for its medicinal applications. However, the structures and functions of polysaccharides, one of the pharmaceutical active ingredients in Cordyceps, are difficult to reproduce in vitro. We hypothesized that mimicking the salty environment inside caterpillar bodies might make the cultured fungus synthesize polysaccharides with similar structures and functions to that of wild Cordyceps. By adding either sodium sulfate or sodium chloride into growth media, we observed the salinity-induced anti-angiogenesis activities of the polysaccharides purified from the cultured C. Militaris. To correlate the activities with the polysaccharide structures, we performed the 13 C-NMR analysis and observed profound structural changes including different proportions of a and b glycosidic bonds and appearances of uronic acid signals in the polysaccharides purified from the culture after the salts were added. By coupling the techniques of stable 34 S-sulfate isotope labeling, aniline-and D 5 -aniline tagging, and stable isotope facilitated uronic acid-reduction with LC-MS analysis, our data revealed for the first time the existence of covalently linked sulfate and the presence of polygalacuronic acids in the polysaccharides purified from the salt added C. Militaris culture. Our data showed that culturing C. Militaris with added salts changed the biosynthetic scheme and resulted in novel polysaccharide structures and functions. These findings might be insightful in terms of how to make C. Militaris cultures to reach or to exceed the potency of wild Cordyceps in future.
Introduction
Cordyceps is a rare and exotic mushroom in that the fungus, either Cordyceps Militaris or Cordyceps Sinensis, grows out of the head of a mummified caterpillar habituating in Tibetan Plateau and the Himalayas between 3000 m and 5000 m above sea level [1] . Wild Cordyceps has been used for at least a thousand years in Traditional Chinese Medicine [2] . The annual market for Cordyceps-related products as herbal medicine or dietary supplements has been growing steadily not only in Asian but also in Western countries in last decade [3, 4] , which makes wild Cordyceps worth far more than its weight in gold in world markets. Rarity, over-harvesting, and increased demand [5, 6, 7] had made wild Cordyceps an endangered species, which was declared by the Chinese authority of Convention on International Trade in Endangered Species (CITES) in 2012.
To spare wild Cordyceps and to bring its price within reach of average people, many companies are starting to cultivate Cordyceps. Most commercial products are mycelial powders of the fungi, Cordyceps Militaris or Cordyceps Sinensis, produced by liquid fermentation or fruiting bodies produced on artificial solid media. Even though growth conditions in artificial media are completely different from those in insecta, the cultured commercial products are usually considered to be similar or superior to those of wild Cordyceps in terms of the same or higher contents of established pharmacological active ingredients such as polysaccharides, cordycepin, ergosterols, and mannitol or cordyceptic acid [4] .
Multiple biological activities, such as anti-inflammatory [8] , anti-oxidant [9] , anti-oxidative stress [10] anti-viral [11] , immunomodulatory [12] , hypoglycemic [13] , anti-tumor [14] and antiangiogenesis [15] , have been reported for purified polysaccharides from Cordyceps, which make the polysaccharides one of the pharmaceutical active ingredients in Cordyceps. However, unlike the molecular structure-defined active ingredients of cordycepin, ergosterols and mannitol in Cordyceps, the chemical contentsof the polysaccharides in cultured commercial products quantified by colometric assays or monosaccharide composition analysis may not correlate with polysaccharide structures and biological functions.
Glycobiology is a field that is just entering the main stream of current molecular biology because of the discoveries of critical roles played by the genes responsible for N-and O-linked glycans [16] and polysaccharide [17] assembly during animal development and in human diseases. Polysaccharides are synthesized by all animals, plants, bacteria, fungi, and algae. Among them, the biosynthesis, biological functions, and roles in animal development of the polysaccharides have been extensively studied. It has been established that animal polysaccharides interact with a multitude of proteins including growth factors, growth factor receptors, chemokines, cytokines, proteases, protease inhibitors, etc. [17] and facilitate proper protein ligand/receptor interactions to initiate signal transduction events, and thereby regulate key processes in animal homoeostasis [18] . It has been recognized that the biosynthesis of animal polysaccharides is very different from that of DNA, RNA, and protein. There is no template but an array of polysaccharide assembling, modifying, and degrading enzymes along with monosaccharides, monosaccharide nucleotides, ATP (phosphate donor), PAPS (sulfate donor), polysaccharide binding proteins, and other organic/inorganic molecules coordinate polysaccharide biosynthesis, modification and degradation [19] . Interestingly, the expression of certain enzymes responsible for making special polysaccharide modifications may require the presence of specific inducers in order to express and to have functions [20] . As a result, animal polysaccharides have different monosaccharide compositions, linkage, modification, chain length, structure, and biological functions in a cell-, tissue-, species-specific manner. Moreover, epigenetic controls of multiple polysaccharide modification enzymes have been associated with different kinds of tumor growth [21, 22] . Therefore, animal polysaccharide biosynthesis is a process whereby a subset of genes dynamically responds to pivotal environmental changes to assemble specific polysaccharide structures to have specific functions.
The environmental control of polysaccharide biosynthesis and functions might be the case for fungi as well. It has been reported that fungi express very different transcriptomes when growing in different culture media [23, 24] , which is especially true for C. Militaris [25] . The water-soluble constituents between wild and cultured Cordyceps are reported to be different as well [26] . These observations indicate that both transcriptomes and the biomolecules made by proteins translated from transcriptomes are affected by growth environment. Based on the knowledge gained from animal polysaccharide biosynthesis, we assumed that C. Militaris might make different polysaccharide with different biological functions when growing in different culture media.
When we observed that polysaccharides purified from the mushroom part of wild Cordyceps stimulated FGF/FGFR signals in a Baf3 cell-based model system [27] , a property only associated with sulfated polysaccharides, we hypothesized that the salty environment of caterpillar bodies might contribute to the production of sulfated polysaccharides by the fungus. We assumed that mimicking the salty environment inside caterpillar bodies by adding salt to C. Militaris culture might be able to activate sulfotransferase genes as suggested by a previously published report. Unexpectedly, we discovered that sulfation was only one of the many changes in polysaccharides observed in our studies. Our data demonstrated that culturing C. Militaris with added salts changed the biosynthesis process and produced polysaccharides with novel structures and biological functions, which indicated that environmental factors play an important role in making functional polysaccharide structures. These findings were insightful in terms of how to evaluate the polysaccharide structures and functions and how to make cultured C. Militaris to achieve or to exceed the wild Cordyceps quality in future.
Results
Salinity-Induced Anti-Angiogenesis Activities of the Polysaccharides from Cultured C. Militaris
Fungi synthesize both water soluble and insoluble polysaccharides located in intracellular, cell wall, and extracelluar spaces serving energy storage, structure, and communication purposes. According to published reports, the water-soluble polysaccharides are the most active pharmacological components tested in over 300 kinds of polysaccharides extracted from either plants or fungi [28] .
Wang et al. [29] extracted a water-soluble polysaccharide from cultured C. militaris containing galactose, mannose, glucose and glucuronic acid with the ratio of 1.00:1.58:7.89:0.19. Yang et al. [30] obtained six polysaccharides from the cultured C. militaris by collecting different fractions in a gel filtration column. Subsequent studies indicated that one of the six polysaccharide, P70-1, had a backbone of (1R6)-linked b-D-mannose residues. The branches were mainly composed of (1R4)-linked a-D-glucose and (1R6)-linked b-D-galactose residues, and terminated with b-D-galactose and a-D-glucose residues. In contrast, Smiderle et al. [31] used a 5% KOH solution to extract and purify a polysaccharide. Subsequent analysis indicates this polymer is a glucogalactomannan, with a backbone of (1R2)-linked a-D-mannose, that can be substituted by (1R6)-linked-a-D-mannose or (1R2)-linked b-Dgalactose side chains. It also has a three sugar side chain of a-D-
. These published studies indicated that different purification methods can enrich different polysaccharide species not only with different monosaccharide compositions but also with distinct backbone/sugar linkages in C. Militaris. Thus it is still unclear how many types of polysaccharides the C. Militaris is capable of making. Since our goal is to test if salinity can induce novel C. Militaris polysaccharide structures and biological functions, we decided to purify and to study all water soluble polysaccharides from the C. Militaris cultures.
Previously established culture medium for C. Militaris has 6 g/ L potato dextrose and 20 g/L glucose. One gram of potato dextrose usually contains ,25 mg of salts, which means the culture medium has ,150 mg/L salts. To avoid drastic perturbation of C. Militaris growth, we added 0, 0.05, 0.10, 0.25, 250, and 500 mg/L Na 2 SO 4, respectively; to the culture medium and let the C. Militaris grew for 10 days. We obtained almost the same amount of mycelium from each culture, which indicated that the added salts did not perturb the growth of the C. Militaris. We also obtained the similar amount of water soluble polysaccharides with an average yield of 20% from each de-lipided raw material (Table 1) . We named the purified polysaccharides P0, P1, P2, P3, P4, and P5 accordingly, where P stands for Polysaccharides, 0 to 6 stands for 0, 0.05, 0.10, 0.25, 250, and 500 mg/L of Na 2 SO 4 added cultures, respectively. The compatible C, H, N, and S compositions for each purified polysaccharide were observed by elemental analysis (Table 1 ). These data indicated that P0 to P5 were mainly carbohydrates as expected but P0 to P5 also contained small amounts of sulfur and nitrogen.
It was reported that the water soluble polysaccharides purified from C. Militaris inhibit microvascular formation [15] . We first checked if P0 to P5 had cytotoxicities towards cultured cells by adding 100 mg/ml P0 to P5 to two human colon cancer cell lines (HT29 and HCT116), two human lung cancer cell lines (H1299 and A549), and the human umbilical vein endothelial cells (HUVECs). The data in Fig. 1a&1b showed that the P0 to P5 at 100 mg/ml did not affect growth of any of the cells tested. We then examined if P0-P5 affected capillary tube formation of the HUVECs on the Matrigel. The pictures in Fig.1c were taken at 8 hrs after seeding the HUVECs on the Matrigel in the absence or presence of 100 mg/ml P0-P5. The data showed that the control HUVECs formed extensive capillary tubes whereas by adding100 mg/ml P0-P5 to the HUVECs on the Matrigel, the numbers of capillary tube formed were greatly reduced in the order of P5.P4.P3.P2.P1.P0. the control. The statistical data in Fig. 1d showed that the effects of P0-P5 peaked at 4 hrs, the numbers of the tubes remained about the same after 8 hrs, and the P0-P5 inhibited the capillary tube formation in a Na 2 SO 4 concentration-dependent manner of the C. Militaris cultures used for the polysaccharide purification with statistical significance (*P,0.05, **P,0.01 vs. control group as shown in Fig. 1d ).
All P0-P5 contained small amounts of sulfur according to the elemental analysis data shown in Table 1 , which suggested that these polysaccharides might have sulfated residues. Since the sulfate in Na 2 SO 4 could be used for sulfating polysaccharides in the C. Militaris culture, to distinguish salt-or sulfate-dependent anti-capillary tube formation activities of the polysaccharides, we grew the C. Militaris by adding increased amount of NaCl into the culture medium. The purified polysaccharides (P1C, P2C, P3C, P4C, and P5C) (Fig. S1 in File S1) from NaCl-added cultures also reduced the numbers of capillary tube formed in the order of P5C.P4C.P3C.P2C.P1C. Therefore, the anti-capillary tube formation activities of the polysaccharides were salinity-but not sulfate-dependent.
The capillary tube formation assay reflects both proliferation and migration abilities of endothelial cells. Since the purified polysaccharides of P0-P5 and P1C-P5C did not affect HUVEC growth ( Fig. 1 and Fig. S1 in File S1), we further tested if P5 affected the HUVEC migration by employing the transwell cell migration assay. As shown in Fig. 2a , 100 mg/ml P5 greatly reduced the numbers of HUVECs migrated to the outer chamber of the transwell compared to that of the polysaccharide-free control. Crystal violet quantification indicated P5 inhibited ,62% of HUVEC migration (Fig. 2b) whereas the resazurin quantification indicated P5 inhibited ,55% cell migration (Fig. 2b) . The two independent measurements confirmed that P5 inhibited the HUVEC cell migration significantly.
To understand the molecular mechanism underlying P5-induced effects on tube-formation and cell migration on HUVECs, we further tested if P5 had any effect on VEGF expression in HUVECs because VEGF plays a critical role in angiogenesis [32, 33] . The results in Fig. 2c showed that treating HUVECs with P5 down-regulated the VEGF expression in a P5 concentration-dependent manner as compared to the control. Therefore, the anti-angiogenesis effects of P5 observed both in the tube-formation ( Fig. 1 & Fig S1 in File S1) and the cell migration assay ( Fig. 2 ) might be resulted from down-regulated VEGF protein expression in the HUVEC-based system, which was consistent with literature that VEGF is the most powerful angiogenic factor in HUVECs.
Salinity-Induced structural changes detected by 13 
C-NMR analysis
According to published reports, the polysaccharides from Cordyceps mainly consist of mannose, glucose and galactose [11] with 1, 6-branched galactose in 1, 3-a-linked glucose and mannose backbone [34] . We performed the monosaccharide composition analysis of P0 to P6 (Fig. S2 in File S1) according to a published protocol [35] . Indeed, mannose, glucose and galactose were the three major monosaccharides present in P0 to P5. An increase in monosaccharides of glucosamine and glucose were observed in P5, but it was hard to correlate the minor changes in monosaccharide compositions with the increased anti-angiogenesis activities observed for the P0 to P5. Therefore we performed 13 C-NMR analysis of P0 and P5. The spectra were shown in Fig. 3a (P0) and Fig. 3b (P5) . 13 C signals from 98 to 104 ppm represented the a or b linkages of the glycosidic bonds in polysaccharides. Apparently, P0 and P5 had very different proportions of a and b glycosidic bonds by direct comparison of the 13 C signals in this region. Moreover, only P5 had 13 C signals at 177.77, 175.19 and 165.36 ppm, which corresponded to the presence of -CO-of -COOH, -OCO-of -OCOCH 3 and -NCO-of-NCOCH 3 in the P5, which indicated the presence of hexosamine and uronic acid in the polysaccharides. Furthermore, the newly appeared 13 C signal at 52.82 ppm in P5 13 C NMR spectrum also suggested the presence of -CH 3 of -OCOCH 3 or -CH 3 of -NCOCH 3 in the P5. In summary, salinity induced profound structural changes including different proportions of a and b glycosidic bonds and likely the presence of uronic acid and hexosamine residues in P5.
The presence of polygalacturonic acid in P5 detected by mass spectrometry (MS) and capillary high performance liquid chromatography-coupled MS (LC-MS) analysis
The 13 C NMR analysis indicated the presence of uronic acid in P5 but the monosaccharide composition analysis of P5 by using a published protocol did not detect the presence of uronic acid. We suspected that the harsh hydrolysis conditions used for the monosaccharide composition analysis might destroy the uronic acid and make it undetectable. Indeed, even in animal polysaccharides consisting of uronic acid and hexocosamine repeating disaccharides, uronic acid is barely detectable after acid hydrolysis. Thus, we decided to partially hydrolyze the P5. We used 0.05 M trifluoroacetic acid (TFA) at 100uC for 4 hrs to hydrolyze P5. The partially hydrolyzed products were then separated by a sizing column as shown in Fig. 4 where fractions 1 to 11(F1 to F11) were collected for further analysis. It turned out the F1 was composed of mainly monosaccharides after tagging it with 1-phenyl-3-methyl-5-pyrazolone (PMP) [35] followed by using our newly developed LC-MS method for monosaccharide composition analysis (Fig. 5) .
Five monosaccharides and one hexose disaccharide were detected by both LC and MS analysis (1: mannose, 2: uronic acid, 3: (hexose) 2 , 4: glucose, 5: galactose, and 6: arabinose) by comparing to the elution positions and m/z of PMP-derived monosaccharide standards. Comparing to the data shown in Fig. 5 , galactose and glucose, but not mannose, were the most abundant monosaccharides after partial hydrolysis, indicating galactose and glucose might be located at the branching positions of the P5. The branching monosaccharides was easily hydrolyzed into monosaccharides whereas the mannose might formed the backbone of the P5, which made it harder to be hydrolyzed into monosaccharide. By directly injecting F1 to F11 into MS followed by detecting the negatively charged ions, we obtained a large quantity of MS data from each fraction. Interestingly, by comparing calculated with theoretical molecular masses, it was quite obvious that F1 to F11 contained polyuronic acid with or without methyl (CH 3 ) or acetyl (CH 3 CO) modifications ranged from 2 to 11 uronic acid in addition to a few sulfated neutral oligosaccharides as shown in Table 2 .
To determine the molecular identity of the uronic acid, we took an aliquot from F6, F7, and F8, respectively, and then combined them. We first reduced the uronic acid in the mixture by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and NaBD 3 CN followed by performing the monosaccharide composition analysis after acid hydrolysis and PMP derivatization. The results were shown in Fig. 6 . Three kinds of PMP-derived monosaccharides were detected by both LC and MS: 1, mannose; 2, glucose, and 3, galactose by comparing to the elution positions and m/z of PMP-derived monosaccharide standards. The peak 3 of galactose was derived exclusively from galacturonic acid because of the unnatural molecular weight of 511.21, which could only be resulted from NaBD 3 CN reduction of galacturonic acid to form the 2x D containing galactose (Fig. 6) .
Based on the relative abundances of the three monosaccharides, mannose, glucose, and galacturonic acid, we suspected the presence of (mannose)m-(glucose)n oligosaccharides in the combined F6, F7, and F8 fractions. Unfortunately, they could not be detected by MS directly for lacking negatively charged groups as in galacturonic acid-and sulfate-containing oligosaccharides as shown in Table 2 .
We then used three different approaches including gel filtration (Fig. S3 in File S1), DEAE anion exchange HPLC (Fig. S4 in File S1), and cellulose acetate membrane electrophoresis (Fig. S5 in File S1) to purify polygalacturonic acid in P5. However, all three methods failed to show the existence of an unique polygalacturonic acid. These studies suggest that polygalaturonic acid might be part of the polysaccharides either through covalent bonding or through polysaccharide/polysaccharide interactions.
Identifying covalently linked sulfate in P5
The elemental analysis result in Table 1 showed that all P0 to P5 contained trace amount of sulfur, indicating the polysaccharides might contain either covalently or non-covalently linked sulfates. The data presented in Table 2 suggested the presence of covalently linked sulfated (hexose) 3 and sulfated (hexose) 4 based on the calculated molecular weight and their detectability after direct MS injection of the oligosaccharide-containing fractions. Since there is no data to show the presence of covalently linked sulfate in polysaccharides purified from fungi during the past, we felt obligated to provide additional proof. To this end, we cultured C. Militaris by adding 500mg/L Na 2 34 SO 4 to the growth medium as we had previously done for a human cell line [36] . We then purified the polysaccharides, named P5 34 S, from the culture. We performed the direct structural comparison of P5 and P5 34 S by tagging the P5 with aniline and the P5 34 S with D 5 -aniline after increasing the intensity of partial TFA hydrolysis used for oligosaccharide preparation (Fig. 4) . Because different isotope tags have no effect on chromatographic retention times but can be discriminated by a mass detector, the differentially isotope-tagged mono-sulfated hexose and mono-sulfated (hexose) 2 
Discussion
The data in Figs. 1, 2, &3 showed that the salinity-induced antiangiogenesis activities of polysaccharides from cultured C. Militaris corresponded to the multitude structural changes of the polysaccharides detected by 13 C-NMR analysis. Furthermore, the newly established techniques of stable 34 S-sulfate isotope labeling, aniline-and D 5 -aniline tagging, and stable isotope facilitated uronic acid-reduction coupled with LC-MS analysis revealed for the first time the existence of covalently linked sulfate and the presence of polygalacuronic acids in the polysaccharides purified from the salt added culture (Fig. 3, 4 , 5, 6, & 7 and Table 2 ). These data clearly demonstrated that culturing C. Militaris with added salts changed the biosynthesis process and produce structurally and functionally very different polysaccharides, which indicated that salinity might serve as an epigenetic control factor The transwell assay was performed by using a 24-well chamber as the outer chambers and polycarbonate filters (8 mm pores) as the inner chambers as described in Methods. After incubation for 18 hrs at 37uC, the migrated cells on the lower surface of the filter were fixed in 90% ethanol and stained with 0.1% crystal violet. Images of the migrated cells were taken using a microscope (Olympus, CKX41, Japan) (a). The migrated cells were quantified at 595 nm after extraction with 10% acetic acid (b). Migrated cells in the outer chambers were also quantified independently by incubating the out chambers in F12 media with 10% FBS for 8 days followed by resazurin quantification (b). The untreated cells (control) were assigned values of 100 and the results were presented as mean 6 S.D. (n = 3). Significance: *P,0.05 vs. control group. Effects of P5 on the expression of VEGF in HUVECs. The HUVEC cells were seeded in 6-well plate for 24 hrs, and then treated with P5 at 50 mg/ml, 100 mg/ml, and 200 mg/ml, respectively. After 48 hrs of incubation, cells were harvested and equal amount of cellular proteins were subject to Western immunoblotting as described in Methods. The numbers underneath of the blots represent band intensity (normalized to b-actin) measured by Image J software. bActin was served as an equal loading control (c). The experiments were repeated twice with similar results. doi:10.1371/journal.pone.0103880.g002
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A conflict between the NMR (Fig. 3 ) and MS data ( Table 2 ) was noticed in that the 13 C-NMR spectrum of P5 should exhibit CH3 signals corresponding to methyl and acetyl groups at 22-24 ppm according to the MS data (Table. 2), but the 13 C-NMR analysis did not show the presence of such signal (Fig. 3 ). There were several possibilities to explain the discrepancy: 1. the relative low abundance of polygalacturonic acid in the total polysaccharides based on the monosaccharide compositional analysis (Fig. S2 in File S1, Fig. 5 and Fig. 6 ); 2. The relative low abundance of methyl-and acetyl-modified polygalacturonic acid residues compared to that of unmodified polygalacturonic acid residues as shown in Fig. S6 (Fig. S6 in File S1); 3. It has been reported that even though the same amount of oversulfated chondroitin sulfate (OSCS) and oversulfated dermatan sulfate (OSDS) possesses the same numbers of acetyl groups, but the CH3 proton signal intensities of acetyl groups in OSDS are only half of that in OSCS [37] ; 4. NMR could detect 0.1% OSCS in heparin based on the CH3 proton signal of acetyl groups in OSCS but could not detect 30% oversulfated heparan sulfate in heparin reported by two independent studies [38, 39] ; 5. NMR failed to detect up to 50% polysaccharides in chitosan and PEGylated copolymers [40] . These results suggest NMR analysis of a polysaccharide mixture might not have the same authority as of small molecules in providing quantitative structural resolution.
Due to non-template driven biosynthesis of polysaccharides that results in great structural heterogeneities, the polysaccharide structures are difficult to study. The unambiguous proof of polysaccharide biological functions has usually been taken a conventional molecular biology approach by knocking out a gene either responsible for polysaccharide biosynthesis or responsible for polysaccharide sulfations [17, 41] in the post genomic era. Our polysaccharide structure-based approach presented in this manuscript would be a good complement to the gene-based studies [17, 41] .Since the genome sequence of C. Militaris is available [42] , we tried to find the salinity-induced genes responsible for the polysaccharide sulfation based on sequence homology search using several known mammalian genes without success. We suspected that the 1.547 billion year split of fungus from animals [43] might explain our failed bioinformatic approach. We are currently setting up a sulfotransferase assay to purify and clone the sulfotransferase(s) in the salt-induced C. Militaris. We believe that the expressions, regulations, epigenetic controls, and functions of genes responsible for polysaccharide biosynthesis and functions in C. Militaris should be explainable at molecular level in near future.
All living organisms and cells adjust to the changes in their environment by integrating environmental inputs to mediate homeostatic responses by making functional molecules through expressing different genes [44] . In this sense, wild Cordyceps is unique in that it not only grows inside the caterpillar body but also grows at low temperature and high attitude in Tibetan Plateau and the Himalayas. Therefore, it might be reasonable to compare the polysaccharide structures and functions with those of wild stocks by cultivating C. Militaris with 50% of the normal atmospheric oxygen and just above freezing temperature in addition to the added salts. Such studies might be able to obtain new information about the biosynthetic control of the polysaccharides and other pharmaceutical active ingredients in cultured C. Militaris. Eventually, it might be possible to make C. Militaris, C. Sinensis, or other medicinal fungal cultures to reach or to exceed the pharmaceutical potency of their wild stocks.
Unlike O-linked and N-linked glycans that primarily assist protein functions in eukaryote cells [45] , the polysaccharides purified from C. Militaris had their own biological functions as shown in Fig. 1 & 2 and Fig. S1 (Fig. S1 in File S1). Up to date, over 20 different kinds of polysaccharide-based drugs have been approved and used world widely with an annual sale over $10 billion dollars. A handful of polysaccharide-based drugs have preceded through phases I, II, and III clinical trials and are used extensively and successfully in Asia to treat various cancers and other diseases [46] . Among them, 13 different kinds of polysaccharide-based drugs purified from 9 kinds of fungi and 4 kinds of plants have been approved by Chinese FDA and used clinically as anti-cardiovascular disease, anti-cancer, anti-aging, or immune system-regulating drugs. Moreover, an anti-thrombotic drug derived from brown algae polysaccharides have been approved and used both intravenously and orally in China for over 27 years [47] . Further, the life-saving drug heparin, a polysaccharide purified from animal tissues, remains as an essential and noreplaceable drug in modern medicine after 78 years of clinical use despite its inherent heterogeneity in both molecular structures and biological functions compared to small molecule and protein drugs [17] . Thus, the clinical applications of polysaccharide-based drugs are better known than the basic understandings of the chemical, biochemical, and biological properties as well as the biosynthetic pathways of such molecules.
Hundreds of biological functions of medicinal mushrooms and fungi have been reported including immunomodulating, antioxidant, antidiabetic, antihypercholesterolemia, antitumor, antiparasitic, antifungal, antibacterial, antiviral and hepatoprotective effects [46] . Most of reported biological functions are associated with polysaccharides. Compared to small molecule-and proteinbased drugs, the advantages of polysaccharide-based drugs are their broad spectrum of therapeutic properties, relatively low toxicity, and less drug-resistant associated problems. The disadvantages of polysaccharide-based drugs are the inherited heterogeneity of their structures and functions and lack of tools to do proper structure analyses [28] . Thus, developing more biological assays and novel structural characterization methods such as shown in Fig. 1-7 might be critical in understanding the structural and functional information encoded in the polysaccharides. Such knowledge might be essential for polysaccharide-based drugs derived from the largely untapped and abundant resources, such as medicinal mushrooms, fungi, herbs, and algae, to enter the main stream of modern medicine not only in Asia but also in the rest of the world.
The structural and functional information of polysaccharides can be dynamically changed by assimilating environmental inputs, such as by adding salts into C. Militaris culture media as shown in Fig. 1 & 2 . These findings indicated that the structural and functional information of polysaccharides was not directly encoded in genes [19, 48] . Co-incidentally, many studies suggest that the aging-related cardiovascular-, cancer-, diabetes-, and other complex human diseases might not be directly encoded in genes either, but caused mainly by aging-associated defects that throw the system out of balance in addition to pathogens and other environmental factors. Thus, when disease arises, genetic and genomic studies might not provide all the answers. In contrast, the dynamically complex information in polysaccharide structures might provide a clue. Therefore, solid structural studies are essential in fully understanding the biological functions of polysaccharides. Polysaccharides are as essential for life as DNAs, RNAs, proteins, lipids, glycans, and metabolites of the biological system [49] . The dynamic structural and functional information of polysaccharides may be required to collaborate in order to keep the cells or whole living system in balance [50] . Perhaps it might be essential to understand the structures and functions of polysaccharides from all sources including Cordyceps before a complete understanding of the system biology and epigenetics of human beings become possible. If correct, understanding the molecular and functional diversity of the polysaccharides might be the key to unlocking our understanding life before the agingrelated cardiovascular-, cancer-, diabetes-, and other complex human diseases can be prevented and cured in future.
Materials and Methods

Materials
Cordyceps Militaries, strain 11Y-6, was a generous gift from fungal specialist, Prof. X.L. Jiang (Ocean University of China, Qingdao, China). F12, McCoy's 5A and 1640 medium were obtained from Sigma-Aldrich (USA). Fetal bovine serum was purchased from GIBICO (USA). Growth factor-reduced BD Matrigel was purchased from Beckton Dickinson Labware (USA). Other reagents were obtained from Sigma-Aldrich (USA).
Liquid culture of C. Militaris, polysaccharides extraction, and monosaccharide composition analysis C. Militaris was maintained on potato dextrose agar (PDA) slants and inoculated at the center of a Petri dish. The mycelium was fermentation in 200 ml medium containing 6 g/L potato dextrose (PD) and 20 g/L glucose with 0.05 mg/L-500 mg/L Na 2 SO 4, 0.04 mg/L-410 mg/L NaCl, or 50 mg/L Na 2 34 SO 4 at 27uC for 10 days (130 r/min). The mycelia and culture medium were rapidly concentrated by rotary evaporation to 100 mL and extracted with 400 ml 95% ethanol at 80uC 3 times to remove lipids. The de-lipided power was extracted with water 3 hrs at room temperature (22uC) 3 times. The water soluble extracts were combined and then dialyzed against water in a bag with a molecular weight cut off 3000 Da membrane. The water soluble polysaccharides were precipitated by adding 4 volumes of 95% ethanol at 4uC overnight. The polysaccharides P0-P6 were analyzed by elemental analysis, which was done by using a CHNS/O Analyzer. For monosaccharide composition analysis, polysaccharides (0.5 mg) were hydrolyzed with 2 M trifluoroacetic acid (TFA) at 110uC for 6 hrs. The hydrolyzed products were labeled by using 1-phenyl-3-methyl-5-pyrazolone (PMP) and analyzed by HPLC as described by Honda et al [35] .
Preparation and characterization of oligosaccharides
Partial hydrolysis of the P5 was carried out by using 0.05 M TFA at 100uC for 1.5 hrs. The hydrolysates were subjected to gel filtration chromatography using a Superdex 30 HPLC column. A 0.1 M NH 4 HCO 3 solution at a flow rate of 0.1 mL/min was used for oligosaccharide elution. Each oligosaccharide fraction (F1 to F11) was monitored by an online refractive index detector and collected accordingly. An aliquot from each oligosaccharide fraction in 50% acetonitrile were directly infused into MS and detected by negative-ion ESI.
Preparing sulfated mono-and disaccharides by mild acid hydrolysis
The sulfated mono-and disaccharides were obtained by mild acid hydrolysis that was carried out with 0.05 M TFA at 100uC for 3 hrs. The hydrolysates were dried and tagged with aniline or D 5 -aniline (10 ml, 110 mmol) and then reduced with 10 ml of 1 M NaCNBH 3 (Sigma-Aldrich, USA) at 65uC for 2 hrs. An equal amount of aniline and D 5 -aniline labeled products were combined and simultaneously analyzed by capillary HPLC coupled MS.
Reducing galacturonic acid to galactose in collected oligosaccharides
Five mg of EDC was added to 50 ml oligosaccharides F6-F8 mixture. As the reaction proceeded, the pH of the reaction mixture was maintained at 4.7 for 2 hrs. After hydrogen ion uptake had ceased, an aqueous 2 M NaBD 3 CN solution was added slowly to the reaction mixture at room temperature. The mixture was then hydrolyzed into monosaccharide according to the published protocol [35] . The hydrolyzed products were labeled with PMP and analyzed by capillary HPLC coupled MS as described below.
Capillary HPLC coupled MS analysis
For PMP-labeled monosaccharide analysis, the capillary HPLC separations were performed using a solvent system composed of acetonitrile (eluent A) and 0.01 M CH 3 COONH 4 in water pH 5.5 (eluent B). After injection of 0.5 ml samples, the elution profile was 17% A for 10 min, 19% A for 30 min, 21% A for 15 minutes, and 17% A for 25 minutes. The flow rate was 10 ml per minute, the absorbencies at 245 nm were monitored during each run and the negative ion spectra were collected by using an online Thermo LTQ-XL mass spectrometer.
The same elution condition for capillary HPLC separation of aniline-labeled products was used as described by Lu et al [51] . Briefly, an Agilent 1290 series capillary HPLC workstation was coupled with Thermo LTQ-XL mass spectrometer. Negative ion spectra were collected by scanning the m/z range 100-1000. Total ion current chromatograms were collected. The mass spectra were processed with Thermo Xcalibur software. cells were seeded in 96-well plates for 24 hrs. The monolayer was incubated with 100 mg/mL P0-P5 or P1C-P5C. Cells were cultured for 48 hrs, followed by adding 20 ml resazurin (2 mg/ ml dissolved in water) to the media for 16 hrs. The fluorescent Figure 6 . The molecular identity of uronic acid in fractions 6-8 (F6, F7, and F8). Five mg of EDC was added to 50 ml oligosaccharides F6-F8 mixture. As the reaction proceeded, the pH of the reaction mixture was maintained at 4.7 for 2 hrs. After hydrogen ion uptake had ceased, an aqueous 2 M NaBD 3 CN solution was added slowly to the reaction mixture at room temperature. The mixture was then hydrolyzed into monosaccharide according to the published protocol [35] . The hydrolyzed products were labeled with PMP and analyzed by capillary HPLC coupled MS (Details is in Methods). doi:10.1371/journal.pone.0103880.g006 signal was monitored using 544 nm excitation wavelength and 595 nm emission wavelength by Spectramax M5 plate reader (Molecular Devices, USA).
Capillary tube formation and transwell cell migration assays
Capillary tube formation assays were carried out as described by Qiu et al [52] . Briefly, HUVEC cells (3610 4 cells/well) were cultured on Matrigel in a 96-well plate for 24 hrs with 100 mg/mL of P0-P5, P1C-P5C or blank control. The enclosed capillary networks of tubes were photographed by a microscope (Olympus, CKX41, Japan) and the numbers of capillary tubes formed were counted at different time intervals.
The transwell cell migration assay was performed by using a 24-well chamber (Costar, Cambridge, MA, U.S.A.) as the outer chamber and polycarbonate filters (8 mm pores) as the inner chamber. HUVECs were starved overnight in serum-free F12 medium, harvested by trypsinization and 5610 4 cells were seeded into the inner chambers in F12 (1%FBS) media with 100 mg/mL P5 or blank control. The outer chambers contained the F12 media with 10% FBS. After incubation for 18 hrs at 37uC, the cells on the lower surface of the filter were fixed and stained with 0.1% crystal violet. Images of the migrated cells were taken using a microscope (Olympus, CKX41, Japan). The migrated cells were quantified at 595 nm after extraction with 10% acetic acid. Migrated cells in the outer chambers were also quantified independently by incubating the out chambers in F12 media with 10% FBS for 8 days followed by resazurin quantification.
Protein extraction and western blot analysis
HUVEC cells were incubated with serial concentrations of P5 for 72 hrs. The cells were washed twice with ice-cold PBS and lysed in 50 ml 16 RIPA buffer containing 20 mM TrisHCl,150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na 3 VO 4 , 1 mg/ml leupeptin(pH 7.5). The insoluble pellet was discarded and protein concentration was determined by using BCA Protein Assay Kit (Beyotime, Beijing, China). Equal amount of proteins were loaded and fractionated by electrophoresis in a 15% polyacrylamide-SDS gel and transferred to nitrocellulose membrane. The membrane was incubated with indicated antibodies and then incubated with appropriate secondary antibodies. The resulting blots were visualized using enhanced chemiluminescence (ODYSSEY, LI-COR, USA). The numbers underneath of the blots represent band intensity measured by Image J software. b-Actin was served as an equal loading control. Antibodies for VEGF were obtained from SANTA CRUZ Biotechnology, USA (VEGF(A-20):SC-152). Antibodies for bactin were purchased from Cell Signaling Technology (USA).
Statistical Analysis
All data are represented as the mean6S.D. Comparison between groups was made by one-way analysis of variance S. The sulfated mono-and disaccharides were obtained by mild acid hydrolysis of P5 and P5 34 S that was carried out with 0.05 M TFA at 100uC for 3 hrs. The hydrolysates were dried and tagged with aniline for P5 or D 5 -aniline for P5 34 S (10 ml, 110 mmol) and then reduced with 10 ml of 1 M NaCNBH 3 (Sigma-Aldrich, USA) at 65uC for 2 hrs. An equal amount of aniline and D 5 -aniline labeled P5 and P5 34 S products were combined and simultaneously analyzed by capillary HPLC coupled MS (Details is in Methods). doi:10.1371/journal.pone.0103880.g007 (ANOVA) followed by a specific post hoc test to analyze the difference. P,0.05 was considered to indicate statistical significance.
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File S1 Supporting Figures. Figure S1 . The effects of P1C-P5C on capillary tube formation of HUVECs on Metrigel (a & b) and growth inhibitory on HUVEC (c). A 96-well plate coated with 55 mL Matrigel per well was allowed to solidify at 37uC for 30-60 min. HUVEC cells (3610 4 cells/well) were seeded and cultured in 200 mL F12 media containing 100 mg/mL of P1C-P5C or blank control for 4-12 hrs. After 4, 6, 8, 10, 12 hrs of incubation, the enclosed capillary networks of tubes were photographed at 8hrs by a microscope (a). The numbers of capillary tubes formed were counted (b). Growth inhibitory effect of P1C-P5C on HUVECs (c). The experiment was repeated twice with comparable results. Figure S2 . Monosaccharide compositions of P0-P5. Each polysaccharide (0.5 mg) was hydrolyzed with 2 M trifluoroacetic acid (TFA) at 110uC for 6 h and the products were labeled with PMP and analysis by HPLC as described 36 . Figure S3 . The molecular weight-distribution of the P5 polysaccharide. The data was collected by HPLC/GPC tandem DAWN HELEOS II. MALLS data was calculating by using ASTRA software. The horizontal axis represented the molar mass of the P5 polysaccharide, Y axis represented the size distribution of the polysaccharide. This result indicated that P5 could not be separated into unique polysaccharide by gel filtration chromatography. Figure S4 . DEAE-anion exchange HPLC analysis of P5 polysaccharide. P5 was separated into two polysaccharide peaks. When each peak was collected and subjected to monosaccharide composition analysis after reduction with NaBD4, we found that most abundant monosaccharides in both peaks were mannose, galactose, and glucose. Galacturonic acid was enriched in peak II but it was also present in peak I. These results suggest that polygalaturonic acid might be part of the polysaccharides either through covalent bond or through polysaccharide/polysaccharide interactions. Figure S5 . Cellulose acetate membrane electrophoresis of P5, P5-E and glycosaminoglycans in pH 3.0 0.1 mol/L pyridine2 0.47 mol/L formic acid (7 mA, 20 min). The membranes were stained with 0.5% Alcian blue in 2% acetic acid for 30 min and washed with 2% acetic acid for 30 min. P5-E were enzymatically extracted P5. CSA: chondroitin sulfate A; HEP: heparin; DS: dermatan sulfate; HS: heparan sulfate; CSC: chondroitin sulfate C. The migrating property during electrophoresis plus stainable by cation dye Alcian blue suggest the presence of acidic polysaccharides in P5. Figure  S6 . MS analysis of F3. The MS data indicated that methylated and acetylated uronic acid were present in relatively low abundances in F compared to the unmodified uronic acid. (DOC)
